T he recent volcanic activity in south Iceland, that began late evening on March 20, 2010 , had been preceded for some weeks by intense seismic activity and deformation (1) . Lava flowed from a fissure on the ice-free flank of the Eyjafjallajökull volcano, but ashfall from its 1-km high plume was insignificant. After a hiatus of about a couple of days, during which earthquakes signaled rising magma, eruption recommenced early morning, April 14, this time from within the caldera, under 200-300 m of ice. Jökulhlaups, floods of meltwater, flowed down the northern and southern slopes and reached the lowlands around noon. Roads, infrastructure, and farmlands were destroyed but people had been evacuated so there was no loss of life. This second phase was explosive, sending exceptionally fine-grained ash almost 10 km through the troposphere, into the stratosphere (1) .
Animals were kept inside or evacuated as plumes blackened the Icelandic sky. From April 15, when the very fine ash blew east and south, airspace closed over most of Europe. Effusion rate was maximum during the first 3 d. The ash was gray, trachyandesitic, with 58 mass % silica (Table S1 ). After April 18, ash production decreased by 1-2 orders of magnitude. Composition was essentially the same, 57% SiO 2 , but the ash took on a more typical character, namely larger particles, black and glassy. During May, a few forceful explosions projected ash to the jet stream and before activity decreased on May 23, lava reached halfway to the glacial outwash plain. The plumes that caused the 7 d air traffic disruption resulted directly from the explosive nature of the ash, caused by the interaction of magma and water. By about April 20, water flow into the crater and fine ash production had ceased, and air traffic returned to normal. Reuters reported losses estimated between 1.5 and 2.5 billion € and 10 million travelers were affected.
Fears about danger to aircraft arose from an incident when a British Airways 747 flew through an ash cloud during the 1982 eruption of Mount Galunggung in Indonesia. The pilot reported sparks from the windows and wings as ash sandblasted all surfaces and all four jet engines failed when melted ash coated their interior (2) . Luckily for the 263 passengers and crew, the pilot could restart three of the engines after they cooled during descent and he landed while peeking through a strip a couple of inches wide on the side window that had avoided sandblasting. This event provided powerful motivation for the international aviation community.
Ash ingestion and inhalation were also concerns in Iceland and across Europe. Airborne particles and toxic gases (e.g., SO 2 , HF) pose respiratory hazards (3, 4) . Particles < 10 nm diameter cause irritation on the short term and cancer on the long term. Silicosis is a chronic, often fatal, condition caused by micro-and nanoscale particles (3, 5) . Health risk from the physical nature of the particles is augmented by condensed salts, acids, and trace elements and these also threaten surface waters and terrestrial ecosystems (6) (7) (8) (9) (10) . In Iceland, extensive public education and assistance minimized danger for people and animals. Across Europe, there were discussions about the consequence of ash fallout on health and on climate.
Such extensive airspace closure, completely unprecedented, had a huge economic impact and caused irritation and hardship for passengers, their families, and businesses. The general population felt insecure about health risks. Was it dangerous to inhale the ash particles? Should nursery schools be closed? Were water supplies at risk? Had correct decisions been made about airport closures? Considering the economic costs, will correct decisions be made in the future? In general, authorities needed better information about the ash and its effects, but scientific literature was unavailable and accepted protocols for characterizing the ash for making decisions were simply nonexistent.
The purpose of this paper is to provide information about the Eyjafjallajökull ash, from the physical and chemical perspectives, and to suggest a protocol consisting of several rapid and To whom correspondence should be addressed. E-mail: stipp@nano.ku.dk.
This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1015053108/-/DCSupplemental. straightforward analyses that can provide data for judging risks for aircraft operations and health in the future. To develop this protocol, we have gathered information from the methods traditionally used to investigate tephra (volcanic ash) and combined it with observations from nanotechniques. We report on the size, shape, and hardness (i.e., the ability of the nanoparticles to put airplanes at risk) as well as the chemical composition of the salt condensates on the particle surfaces (i.e., the toxic nature of the nanoparticles). We used ash that was absolutely fresh and analyzed immediately, and then after exposure to pure water and nitric acid, as models for behavior during exposure to rain, fog, and volcanic emissions. We compared two samples, one collected April 15, 2010, immediately after the explosive eruption began, and another collected April 27, after glacier water inflow into the crater had ceased. Both samples were collected and maintained dry. Most previous studies have examined samples weeks or years after eruption, or fresh samples but after exposure to rain or fog (11) .
Physical Aspects of the Eyjafjallajökull Ash
The early ash from the hydromagmatic, explosive phase (termed here explosive ash, but often referred to as phreato-magmatic ash) was surprisingly soft, light, and powdery. It fell absolutely silently. In the sample bag, the particles were cohesive, the consistency of flour. The later, magmatic ash was more typical (called typical ash); it was granular with the consistency of dry sand and particles could be heard falling on hard surfaces. BET (Brunauer, Emmett, Teller, ref. 12) surface area analysis confirmed the differences. The explosive ash was 4.3 m 2 ∕g; the typical ash was 0.45 m 2 ∕g. Electron microprobe (EMPA) backscattered images (Fig. 1A) , scanning electron microscopy (SEM), and X-ray tomography (XT) showed that explosive ash particles range in diameter from approximately 300 μm to a few tens of nanometers, whereas the typical ash completely lacks the small diameter fraction (Fig. 1B) . The explosive ash was also remarkable in its abundance of tiny particles attached to larger grains ( Figs. 2A and 3A) . Even after extensive abrasion in water (solid∶liquid ¼ 1∶1;000), much of this very fine material remained (Figs. 2B and 3B) and some grains were still entirely composed of aggregated nanoparticles (Fig. 2C) . Atomic force spectroscopy (AFS) explains why; the surfaces are particularly adhesive (Fig. 2 D-F) .
The explosive ash was bimodal in size distribution with peaks at about 25-and 200-μm diameter ( Fig. 1C ; >250 μm, dry sieving; <250 μm, laser absorption from dry air suspension). For the typical ash, diameter peaked at approximately 500 μm. At least 20 mass % of the explosive ash was <10 μm, the inhalation risk limit. SEM and atomic force microscopy (AFM) demonstrate that particle size analysis underestimates the total <10-μm fraction because the resolution limit is approximately 1.8 μm, and a significant portion of nanoparticles adhere on or aggregate as larger particles. For more typical ash, the <10-μm fraction is <2 mass %, with much smaller surface area, consistent with previous studies of Icelandic ash that had not reacted to form secondary minerals (13) and samples collected from other sites. Explosive volcanic ash particles, smaller than 100 μm and not containing hydrothermal phases, from five volcanoes (posteruption age from 6 to 37 y) had surface area of 1-2 m 2 ∕g (14), which is the same range as for three samples from another study (20 and 30 y and 11 My old; ref. 15) . Only 10% of the ash from Mount Saint Helens was <10 μm but 13-20% of ash from Soufrière Hills, Monserat was in the dangerous range, with considerable cristobalite (16) . Submicrometer scale quartz is more dangerous than generic volcanic ash and cristobalite is twice as hazardous as quartz (16) . In the Eyjafjallajökull ash, there was very little quartz, and cristobalite was not detected.
The exceptionally fine nature of the early ash was a direct result of its explosive origin. Glacial meltwater chilled the magma, promoting strain disintegration. Shock waves from steam explosions caused mechanical fragmentation and oxidation by steam increased magma liquidus temperature, causing expulsion of dissolved volatiles during cooling, further fracturing the particles. On the ground beneath the plume center, airborne material was so dense that sunlight was blocked; here, particles were smallest, linking explosiveness with grain size. The extremely fine nature and the explosive ejection to the stratosphere led directly to long-range transport. In a dispersing plume, particles <63-μm diameter can remain suspended for days (17, 18) , allowing ash to reach Russia and the Mediterranean.
EMPA (Fig. 1A) and SEM (Figs. 2 A-C and 3 A and B) show the asperity of the explosive ash. Even the nanoparticles are far from round. Their sharpness makes them particularly abrasive. We tested if exposure to water, such as rain or fog, could round them by stirring them vigorously in water for a couple of weeks. They remained sharp. Sandblasting studies prove that shape is an important factor in abrasion, even more important than mass. The speed with which an airplane would interact with a plume of very fine-grained ash would ensure that even nanoparticles would have the necessary momentum to wear surfaces, especially particles that are sharp and hard. The hardness of a particle is determined by its composition and crystal structure. EMPA and X-ray diffraction (XRD) demonstrated that Eyjafjallajökull ash is dominated by andesitic glass, which has Mohs scale hardness of about 5.5-6, and crystals of plagioclase, pyroxene, and olivine, with hardness of 6, 7, and 6.5. The ash particles are much harder than the exposed parts on an airplane: glass windows, aluminum, epoxy, and paint. Indeed, paint is usually removed from airplanes by jets of wheat starch or polyacrylate to avoid damage. Clearly ash particles are harder and sharper-enough to turn a pilot's window opaque. The Eyjafjallajökull glass softens at approximately 890°C and melting is complete at 1,147°C. Pyroxene melts at approximately 1;100°C, plagioclase at around 1;200°C, and olivine at about 1;400°C (19) . Thus, the ash would easily melt in a jet engine, which reaches temperatures of 1,500-2,000°C (20, 21) . The smaller the particles, the more easily they melt, creating fine droplets that condense on cooler engine parts.
Surface Composition of the Eyjafjallajökull Ash
The bulk composition for the explosive and typical ash was the same (Table S1 ), but their surface composition was vastly different (Table 1) . X-ray photoelectron spectroscopy (XPS), which collects information from the top 10 nanometers of a solid, shows that surface salts, clearly present initially, dissolve in distilled water and dilute HNO 3 . Knowing surface composition makes it possible to estimate which salts condensed from the volcanic gases, which has not previously been possible. Indeed, Witham et al. (22) stated in their review that volatile condensation processes are not well understood.
The relative concentration (element %) of surface salts, particularly Cl and F, is lower on the explosive ash (Table 1) because the volume of volatiles available for condensation was lower during the initial eruptions. Instead of being ejected into the plume, the volatiles were dissolved in the meltwater and transported away as solutes. Total dissolved concentrations for F, Al, Fe, Mn and Br in the floodwaters on April 14 were high, well above EU drinking water standards. After exposure to water, the typical ash had higher surface concentration of Si and O, elements indicative of the bulk; removal of surface condensates brought the bulk particle into XPS range. In contrast, composition change after rinsing the explosive ash was minimal, consistent with a much thinner layer of surface salts. Treatment with 10 −3 M HNO 3 further removes surface material, particularly F. The increase in surface C, called adventitious carbon, results from hydrocarbon contamination that comes from air or solution and is normal for samples exposed to ambient conditions (23). (A-C) SEM images of (A) fresh explosive ash; edges are sharp, even on the adhering nanoparticles; (B) after stirring in pure water for 90 min; edges are still sharp and particles still adhere; (C) nanoparticles remain aggregated even after stirring, suggesting they are sintered. (D-F) AFS maps of the surface of one particle, such as that shown in A, constructed from data from 10;000 force∕distance curves, collected using a standard silicon tip; (D) image representing topography from maximum force data (dark marks the smooth particle surface) with adhering nanoparticles (closer to the observer, lighter color); (E) the same area constructed with adhesion force data; the large particle surface (pink to red) is most adhesive, black represents the middle adhesion range, and the adhering particles (blue) are not sticky; (F) the same area showing elasticity; the surface (green to pale blue) is most elastic and the particles (dark blue) are rigid. Hassenkam et al. (37) explain AFS in more detail. Fig. 3 . An explosive ash particle glued to an AFM cantilever (A) fresh and (B) after exposure to water for a total of 45 s; particles remain attached while (C) salt is lost. The tiny mass gain (approximately 4 pg) results when the epoxy absorbs water. SEM images of (D) a fresh, typical ash particle with layers and rounded salt condensates; (E) the surface of another particle before, and (F) the same site after exposure to water; material has been removed on the terraces above and below the step edge. A slightly different angle of view for E and F produces slight distortion.
In water-ash mixtures, pH remained relatively constant (Table S2) ; it was slightly basic for the explosive ash (pH ∼ 8), typical of waters at equilibrium with basalt, suggesting negligible acidic gas condensate. Protons from solution exchange rapidly with surface cations of glass and minerals (24) , but if proton salts are abundant, pH is low, as was reported for Mount Hekla ash (25) and as we observed for the typical ash (pH ∼ 5).
SEM images of glassy particles from the typical ash show layers and rounded nanoparticles (Fig. 3D ) that disappear after exposure to solution. Layers of salts (Fig. 3E ) are eroded as water dissolves them (Fig. 3F) . Even on the surfaces of the explosive ash, submicrometer scale AFM imaging shows smooth, flat salt layers (Fig. 4A ) that dissolved during exposure to water for 24 h and small, secondary minerals formed (Fig. 4B) . Geochemical speciation modeling of the leachates (PHREEQC; ref. 26 ) suggests these features to be Fe(III) oxides, probably goethite, which forms from Fe(II) released from the ash in contact with oxygen.
In leachate experiments, typical ash surfaces give up Ca, Al, and Fe(II) and if pH is high, CO 2 enters from air (Table S2 ). The water∶ash ratio was high (597-1,006) to minimize secondary mineral formation. Surface salts dissolve rapidly, after <15 min (Table S2) . Salt release rate, estimated from Cl, SO 4 , and F concentrations, was approximately 10 −6.3 , 10 −7 , and 10 −7.6 mol∕m 2 s, several orders of magnitude lower than expected for pure halite, gypsum, or fluorite (27, 28) , confirming the presence of these elements in other, less soluble minerals. Release rate was faster than for glass and olivine (29, 30), even considering enhancement by F (31). Combining information from surface composition, speciation modeling, and known volcanic fumarole incrustation and evaporite minerals (32, 33) provides estimates of the surface condensates (Table S3 ). We can also use the data to estimate average thickness of salt layers: approximately 0.6 nm for the explosive ash and approximately 4 nm for the typical ash. Calculations confirmed undersaturation in the leachates for all common volcanic salts, primary minerals, and glasses. All data are consistent with the presence of epsomite, MgSO 4 · 7H 2 O; scacchite, MnCl 2 ; melanterite, FeSO 4 · 7H 2 O; Na-metaborate, NaBO 2 ; Na-orthophosphate, Na 3 PO 4 ; ralstonite, NaMgAlF 4 ðOHÞ 2 · ðH 2 OÞ; hieratite, K 2 SiF 6 ; malladrite, Na 2 SiF 6 ; thenardite, Na 2 SO 4 · 10H 2 O; arkanite, K 2 SO 4 ; halite, NaCl; and antarcite, CaCl 2 · 6H 2 O (Table S3 ).
An interesting question is how much mass is available for release from the salts of an ash plume, if they are rinsed away by rain or if the ash falls into lakes, rivers, or the ocean. It is not possible to determine the difference in mass before and after exposure to water, because the change is smaller than the error introduced by loss during filtration or centrifugation. A simple estimate from the bulk dissolved concentration data (Tables S2  and S3) gives an overall average (0.5% and 0.2% for the explosive and typical ash), but it is not possible to know if the solution data represent salts rinsed from the surface, from dissolution of the ash itself, from precipitation of secondary minerals, or from some combination. Instead, we developed a method that provides mass loss directly from a single particle, within tens of seconds, at picogram (pg; 10 −12 g) resolution. Fig. 3 shows an AFM cantilever, to which a single particle of explosive ash had been glued. Oscillation of the cantilever before and after particle mounting provides total, initial particle mass. The particle-glue-cantilever assembly was exposed to 3 mL of pure water for 15 s, then dried and oscillated again. Each rinse was made in a fresh water aliquot to minimize secondary mineral precipitation and each rinse-dry-oscillate cycle gave one datum on Fig. 3C . After only a few seconds, the salts were released. Mass loss was 35 pg, 0.4% of the total initial mass, which corresponds to about 10-20-nm thickness (assuming a salt density of about 2.7 g∕cm 3 ). Typical ash particles (such as Fig. 5D ) are so extensively covered with salts that, in five experiments, the epoxy could never make contact with the particle, so after 10 s exposure to water, salt dissolved and the particles detached. Sometimes salt remnants could be seen on the cantilever. One such remnant (Fig. 5B) weighed approximately 6 pg, and dissolved in little over a minute at a rate of approximately 40 femtograms per second (fg/s; 10 −15 g∕s). The fragment, which probably does not represent the full salt thickness, was about 300-nm thick.
Volcanic gases that condense on ash particles reach the ground sooner than if they remain airborne, but not all volatiles adsorb to the same degree or at the same temperature, so the concentrations measured in leachates do not represent volatile composition and can be misleading if the volcanic gases react with the ash. Composition of the bulk ash samples was derived using ICP-OES (inductively coupled plasma optical emission spectroscopy).
The full dataset is presented in Table S1 . XPS (X-ray photoelectron spectroscopy) analyses the surface, only the top 10 nm, so as surface salt coatings are dissolved away, more of the bulk composition is recorded in the analyses. We used a monochromated Al Kα source; chamber pressure was always <5 × 10 −9 atm; all samples were analyzed with the same instrument parameters and beam time. Fig. 4 . AFM images of the surface of an explosive ash particle (A) fresh and (B) after exposure to water for 24 h. Smooth, flat, salt layers were removed and a secondary phase nucleated (such as at arrow), probably goethite.
High concentrations of adsorbed elements such as F, As, heavy metals, and Al are toxic to organisms and plants (9, 25) , whereas K, PO 4 , N, Fe, and Si are nutrients (11), especially for marine plankton. The XPS surface composition allows us to say that the explosive ash that fell over southern Iceland and that reached Europe, as well as the typical, glassy ash, had hazardous F concentrations. Abundant fluoride on vegetables or in drinking water is of particular concern because high concentrations cause painful bone disorders. Fluoride was clearly associated with significant loss of life during the Laki eruption in the late 1700's, when 50% of Iceland's livestock perished, mainly from fluoride poisoning (34) (35) (36) .
Implications
The ash from the initial, explosive stage was very fine grained and was ejected more than 9-km high, so it traveled far. The very sharp, hard particles put aircraft at risk from abrasion on windows and body and from melting in jet engines. In the lab, ash particles did not become less sharp during 2 wk of stirring in water, so airborne particles would remain sharp even after days of interaction with each other and water in clouds. Thus, concerns for air transport were well grounded.
Ashfalls in Iceland were certainly hazardous for inhalation and ingestion by grazing animals where particle density was high, but by the time the plume reached Europe, dispersion had significantly decreased density. Although much of the material that reached Europe was <10 μm, thus in the hazardous range, long term exposure to air with concentrations higher than those experienced would be required for a real health risk. About 0.5 mass % of the explosive ash was soluble.
From the results of this study, we can recommend a protocol for rapidly assessing risk from volcanic ash in the future. Size, shape, and hardness are the key parameters for estimating ash abrasiveness, to determine risk for aircraft. BET surface area measurements allow a fast estimate of relative particle size; SEM provides pictures where the range of particle diameter and shape can be observed; and XRD gives mineral composition, from which hardness and melting temperatures can be derived. These techniques are standard and widely available in Earth science laboratories. Together with estimates of the mass of ash produced, plume height, grain size distribution, and the dispersion rate, these data would provide input for modeling to predict the hazard level for aircraft and the transport extent for assessing inhalation risks. For collecting additional parameters, such as those necessary for decisions about chemical toxicity, we recommend standard leaching tests supplemented by XPS surface analysis on fresh, water exposed, and nitric acid exposed samples. XPS is a routine technique in materials science laboratories. Definition of elemental identity and concentration for the salts condensed on ash particles and their relative solubility takes less than a day per sample. These data, with particle size and flux, would allow estimation of toxicity for inhalation and ingestion. The effect of ash on albedo, such as for provoking climate instabilities, and fertilization of the oceans are longer term issues where rapid decisions are not necessary.
Materials and Methods
We collected explosive ash on the ground at 12:30 PM GMT, April 15, 2010 , approximately 55 km east of the crater. The ash was approximately 2-mm thick and had fallen during the previous hours. At the time of sampling, the plume was moving north, away from the site. The typical ash was collected about 10 km northwest of the summit crater on a clean plastic sheet (5 × 21 ft) as it fell from the plume on April 27, from 9:20 AM to 2:30 PM GMT. None of the material had been exposed to fog or rain. Fresh ash is hygroscopic, so samples were analyzed immediately, in some cases within a day or two. Samples were taken from the internal volume of the sample bags, to ensure minimal exposure to humidity. For long-term storage, samples were kept in desiccators.
Polished sections for EMPA were prepared by standard procedures, embedding the ash in epoxy and coating with carbon. SEM samples were examined without conductive coating so they could be returned to experiments for further reaction. For grain size distribution, the >250-μm fraction was sieved and the ≤250-μm fraction was measured using laser absorption in a dry dispersion, created using vibration, differential pressure, and air. The lower detection limit was 1.8 μm.
The leaching experiments were made in open polypropylene beakers where approximately 0.1 g ash was reacted with 100 mL doubly deionized (MilliQ) water that was stirred just enough to put the solid into suspension and then left to settle. Reaction times ranged from 4 to 85 min. Leachate was separated using 0.2 μm cellulose acetate filters. Major and some minor or trace elements were analyzed using ion chromatography (IC) and inductively coupled plasma optical emission spectroscopy (ICP-OES). The leaching procedure was adapted slightly to prepare samples for XPS analysis. Dry ash (50 mg) was mixed with 50 g of either MilliQ water (initial pH ¼ 5.7 AE 0.1), as a model for rain or runoff water, or 10 −3 M HNO 3 (initial pH ¼ 3 AE 0.05), as a model for acidic volcanic emissions, and placed in 50 mL polypropylene centrifuge tubes. The tubes were constantly agitated on a shaker table (175 rpm) for 90 min, then twice centrifuged (5 min at 4;500 × g) to remove the supernatant. The remaining solids were dried for a day in a glove box (98% N 2 , 2% H 2 ). XPS samples were prepared by pressing ash into 3-mm diameter, 2-mm deep cavities on stainless steel stubs and introduced into the analytical chamber when load lock pressure reached approximately 5 × 10 −7 Torr. Spectra were collected using monochromated Al Kα (1,486.6 eV, 150 W) radiation. The analytical chamber base pressure was 5 × 10 −10 Torr and never exceeded 5 × 10 −9 Torr during the experiments. The scan procedure was identical for all samples to ensure comparability and no evidence of beam damage could be found. Data were treated with commercial software, CasaXPS, using Shirley background correction.
AFM and AFS data were collected using an Asylum MFP3D optimized for force∕volume analysis. We used DanLim 334 epoxy cured for 24 h, for attaching the single ash particles to standard silicon cantilevers. Picogram mass-loss experiments are very tricky; we made about 10 experiments to ensure reproducibility.
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